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Abstract 
Plain strain fracture toughness (KIC) of graphene-epoxy (G-Ep) and carbon-graphene-epoxy (C-G-Ep) hybrid nanocomposites 
have been evaluated using single-edge-notch bending (SENB) specimens. The effects of graphene concentrations on KIC have 
been examined. G-Ep nanocomposites were prepared using a combination of mechanical mixing, magnetic stirring, sonication 
and high shear mixing. The hybrid nanocomposites (C-G-Ep) were processed using manual layup techniques and vacuum 
assistance during curing process. The dispersion morphology and fracture surface of all specimens were evaluated using scanning 
electron microscopy(SEM) analysis. The results show significant improvement in fracture toughness of both G-Ep and C-G-Ep 
nanocomposites in comparison to neat epoxy and conventional carbon-epoxy composites. The SEM images show evidence of 
slight graphene agglomeration, but reasonably effective graphene dispersion is observed throughout epoxy matrix. The 
toughening mechanisms such as crack deflection, crack pinning, debonding, fiber bridging and pull-out are possibly contributed 
to enhancing fracture toughness in G-Ep and C-G-Ep nanocomposites. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Department of Mechanical Engineering, Bangladesh University of 
Engineering and Technology (BUET). 
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1. Introduction 
 
In the last few decades, the usage of composite materials in a multitude of engineering applications has 
increased significantly. The exceptional properties possessed by composite materials are desirable in meeting ever 
tightening design requirements across both commercial industry and military projects. In particular, carbon fiber 
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reinforced composites have seen enormous usage in aerospace, automotive, and marine applications. Carbon fiber 
reinforced composites offer exceptionally high strength-to-weight ratios and stiffness properties. Even with these 
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improvements, strict design requirements emphasize the further increase of the properties of composite materials, 
including carbon fiber reinforced composites. As a result, the field of nanocomposite materials has seen a noticeable 
increase in interest in last decade. The integration of nano-scale materials into commonly used media has shown the 
ability to result in significantly improved physical properties, including elastic and shear modulus, ultimate strength, 
and thermal and electrical conductivity [1]. Many studies have been conducted on the effects of the integration of 
nano-materials such as nanoclay, carbon nanofiber, and carbon nanotubesin polymer resins [2-5]. Recently, 
graphene nanoplatelets and graphene nanoparticles have seen increased attention as possible nanofillers for 
nanocomposite materials [6]. Increased attention has also been focused on effective dispersion of nanoparticles 
throughout various composite matrices, as proper dispersion remains a main obstacle towards ideal utilization of 
nanocomposites. 
This study mainly focuses on the possible improvements that graphene nanoplatelets may provide to the 
fracture toughness of carbon fiber reinforced epoxy composites. Fracture toughness is an important parameter for 
structural components across many engineering fields, but it is especially vital in aerospace applications from a 
damage tolerance perspective. Consequently, it is expected that components maintain the highest fracture toughness 
possible across all structural materials. The fracture properties of ordinary carbonfiber reinforced composites have 
already been well understood for many years due to increased usage in many areas [7]. It has also been shown that 
the introduction of nano-materials can significantly improve the fracture properties of composite media. In addition 
to fracture properties, the effectiveness of the dispersion technique utilized in the manufacture of nanocomposites is 
also emphasized in this study. 
 
2. Materials and Specimen Preparation 
 
Epoxy resin, specifically EPON 862 epoxy resin with EPIKURE 3234 curing agent, was utilized as the matrix 
material for all specimens manufactured for analysis in this study. Samples of neat epoxy,G-Ep, C-Ep, and C-G-Ep 
were manufactured for fracture toughness testing. Both G-Ep and C-G-Ep nanocomposites contain 0.1% grapheme 
sheets by weight with respect to neat epoxy resin. Unidirectional carbon fiber (12K, produced by Fiberglass 
Developments Corp.) was utilized in all carbon fiber samples and 99.9% pure graphene nanopowder with an average 
thickness of 8 nm (20-30 graphene layers) was used for all specimens containing graphene. 
Graphene-epoxy nanocomposite samples were produced following the procedure outlined in Figure 1. The steps 
are described as follows: (a) - graphene nanopowder combined with acetone via mechanical mixing; (b) - graphene-
acetone solution sonicated via VXC 750 model tip sonicator for 30 minutes; (c) - epoxy resin combined with 
graphene-acetone solution via mechanical mixing; (d) - graphene-epoxy-acetone solution sonicated for 60 minutes; 
(e) - graphene-epoxy-acetone solution subjected to constant heating (60°C) and constant magnetic stirring until 
acetone is removed from solution; (f) - curing agent combined with graphene-epoxy solution and mixed via high 
shear mixing (Thinky ARE-310 mixer) for 2 minutes; (g) - graphene-epoxy solution poured onto glass mold and 
allowed to cure for 24 hours at room temperature. 
 
 
Fig. 1. Graphene-Epoxy Dispersion and Fabrication Process. 
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It is to be noted that several specimens of G-Ep with varying graphene concentration percentages were prepared 
earlier by a method that did not incorporate dispersion agent (acetone) or high shear mixing (Thinky ARE-10 mixer) 
[8]. The fracture toughness data from earlier work[8] will be compared with the experimental data obtained in this 
study. 
Carbon fiber samples were manufactured by cutting carbon fiber into desirable dimensions and manually 
applying epoxy or graphene-epoxy between each layer of fabric. This approach was utilized to nullify filtration 
effects inherent in a resin infusion processand to maximize the dispersion of graphene throughout the composites. 
Once epoxy was applied to all layers, samples were subjected to vacuum and positive pressure throughout the curing 
process. Figure 2 shows C-Ep and C-G-Ep plates curing under vacuum pressure. 
 
 
Fig. 2. Carbon-Epoxy (left) and Graphene-Carbon-Epoxy (right) panels curing under vacuum pressure. 
 
3. Testing and Analysis Methods 
 
Fracture toughness tests were performed using an electromechanical testing machine, QTEST/25 manufactured  
by MTS Systems Corporation. The tests were conducted under displacement control with a crosshead speed of 0.12 
cm/min. Tests were conducted using single-edge-notch bend (SENB) specimens. This technique involves loading a 
notched specimen in three-point bending with the notch located at the midspan on the tension surface of the beam as 
shown in Figure 3. 
 
 
Fig. 3. Single-edge Notch Bend Test. 
 
Five samples were tested in each category. Failure load from each test was recorded and fracture toughness for 
179 David A. Hawkins and Anwarul Haque /  Procedia Engineering  90 ( 2014 )  176 – 181 
 
each individual sample was calculated from stress intensity factor, KIC, shown in Equation 1. In the equations below, 
σ represents applied stress, c represents initial crack length, M is the bending moment at failure determined from the 
failure load and specimen geometry, t is the specimen thickness, and w is the specimen width. All SENB tests were  
performed in accordance with specifications designated in ASTM D4045 [9]. 
 
ܭܫܥ ൌ ߪܻξܿ      (1) 
 
ߪ ൌ ͸ܯ ݐݓʹΤ        (2) 
 
ܻ ൌ ͳǤͻ͵െ ͵ǤͲ͹ሺܿ ݓΤ ሻ൅ ͳͶǤͷ͵ሺܿ ݓΤ ሻʹ െ ʹͷǤͳͳሺܿ ݓΤ ሻ͵ ൅ ʹͷǤͺͲሺܿ ݓΤ ሻͶ  (3) 
 
 
 
 
Fig. 4. Fracture Toughness Testing Setup. 
 
Scanning electronmicroscope (SEM) imaging was performed to analyze the fracture surface of test samples and 
dispersion of graphene throughout epoxy resin. Imaging was performed at the University of Alabama's Central 
Analytics Laboratory using a TESCAN LYRA3 SEM. 
 
4. Results and Discussion 
 
Table 1 shows fracture toughness data for neat epoxy, G-Ep, C-Ep, and C-G-Ep nanocomposites. It is seen that 
loading only 0.1% graphene nanopowder into neat epoxy resin improves its stress intensity factor almost 
128%.Figure 5 shows fracture toughness dataas a function of graphene concentrationfor a second batch of G-Ep 
samples fabricated in an earlier study which excluded steps (a), (b) and (f) in the fabrication process. In this case,a 
dispersing agent such as acetone and high shear mixing were not used in sample preparation. These earlier results 
show significantly lower fracture toughnessimprovement in comparison to data observed in this study. At 0.1%, G-
Ep using the fabrication process from [8] show a 45% increase in fracture toughness whereas the fracture toughness 
enhancement is seen to be 128% in the present study.It is obvious from this study that acetone and high shear 
mixing by centrifugal motion improved the dispersion of graphene in epoxy resin. It is seen in Fig. 5 that fracture 
toughness decreases steadily from the peak value as graphene weight percentage increased beyond 0.1%. Based on 
this observation, the present study only considered 0.1% graphene loading in both G-Ep and C-G-Ep nanocomposite 
systems. 
Table 1. Fracture Toughness Data.  
Sample Type Fracture Toughness Percent Increase 
[-] [MPa-m0.5] [%] 
Neat Epoxy 1.11 - 
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G-Ep 2.53 128 
C-Ep 30.12 - 
C-G-Ep 33.55 11.4 
 
 
Fig. 5. Fracture toughness for G-Ep fabricated without dispersion agent or high shear mixing. 
  
In Table 1, C-G-Ep nanocomposites show 11.4% enhanced fracture toughness in comparison to traditional C-
Ep composites. Although fracture toughness improvement in this case is noticeably lower when comparedwith neat 
epoxy, although the gains observed represent a partial enhancement over C-Ep. The lowered improvement seen in 
C-G-Ep system is mostly due to carbon fiber dominant failure behavior in C-Ep and C-G-Ep composites.  It is 
evident in Table 1 that fracture toughness of C-G-Ep is significantly higher than G-Ep system.  
Images of fracture surfaces obtained by SEM analysis are seen to further justify the considerable effect of 
graphene sheets on the fracture energy of epoxy and C-Ep composites. In Figure 6, the fracture surface of a G-Ep 
sample shows significantly higher surface undulation as compared with those of neat epoxy resin. This feature 
seems to indicate a higher resistance to fracture and a need for higher fracture energy in G-Ep system in comparison 
to neat epoxy. Distribution of undulation in SEM images also indicates a reasonably uniform dispersion of graphene 
nanosheets throughout the epoxy matrix. Unlike G-Ep, the fracture surface in neat epoxy is seen to be smooth, 
without any surface undulation. Toughening mechanisms such as crack bridging, debonding and pinning were not 
evident in the neat epoxy fractured surface.  
 
  
Fig. 6. SEM images of fracture surfaces of G-Ep (left) and neat epoxy (right). 
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5. Conclusions 
 
The results of this study indicate that very low loading of graphene nanopowder (0.1% by weight) significantly 
improves the fracture toughness of both neat epoxy and carbon/epoxy composites. Although such enhancement in 
fracture toughness is significantly higher for G-Epnanocomposites, C-G-Ep also displayed partial improvement. The 
fracture toughness enhancement is only seen to be 11.4% in C-G-Ep in comparison to conventional C-Ep 
composites. This occurs since in the latter case carbon fiberplays a dominant role in the fracture process and it is less 
influenced by G-Ep matrix.  It is seen that processing parameters such asthe application of a dispersing agent 
(acetone) and the use of high shear mixing by centrifugal force improveboth nanoparticle dispersion and fracture 
toughness. The fracture toughness data is seen to decrease in G-Ep systems at graphene loading rates higher than 
0.1%. The SEM images of fracture surfaces show undulation and coarse topography in G-Ep nanocomposites, 
indicating higher fracture energywhen compared withthe smooth fracture surfaces observed in neat epoxy samples. 
The results of this study open many avenues for future work and study. A wider sample size and analysis of higher 
levels of graphene nanoparticles with improved dispersion techniques may further reveal the full benefits of 
graphene on the fracture toughness of carbon fiber reinforced composites. Analysis of other properties such as 
fatigue, interfacial and in-plane shear and compression properties in which matrix material plays a more significant 
role may also reveal the additional benefits of graphene. Further improvement of dispersion methods may also serve 
to lower graphene agglomeration, and thereby improve the properties of graphene based nanocomposites. 
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